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G
lobal population by the year 2050 likely will approach or exceed 10 billion people. To adequately feed this multitude, food production must increase by 50 to 70% ( Jaggard et al., 2010) . In addition, caloric intake generally increases as nations develop economically and socially, placing additional demands on food production systems (Schneider et al., 2011) . Rask and Rask (2011) noted that while per capita consumption of many grain crops decreases when incomes rise, wheat [Triticum aestivum L. and Triticum turgidum L. subsp. durum (Desf.) Husn.] consumption actually increases. Elevated atmospheric CO 2 concentrations might induce increased productivity of C3 plants ( Jaggard et al., 2010) , but it is unlikely such enhancements will be large enough to meet the increased caloric demand. Improved varieties must be deployed to increase the innate potential of crop species to produce more calories per hectare. Unsettling, however, is the observation that for most cereal species, the observed rate of increase in genetically determined potential yields has been decreasing (Fischer and Edmeades, 2010) .
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ABSTRACT
A previous investigation, using region-wide data from Great Plains wheat (Triticum aestivum L.) breeding trials, indicated a possible plateau in the rate of genetically determined yield potential. Data from the same USDA-Agricultural Research Service (ARS) coordinated long-term regional performance nurseries was used to further examine the rate of genetic improvement of Great Plains winter wheats in specifi c agroecological or production zones over the time period 1987 to 2010. The absolute grain yield of all entries and of the top fi ve most productive entries increased in the majority of production zones over this time period. The relative rate of genetic improvement, obtained by comparing grain yields to those of the long-term control cultivar Kharkof, ranged from not signifi cantly different from zero to 1.98% yr -1
. This rate of change, however, was statistically signifi cant (α = 0.05) in only two of the 12 zones evaluated. Variance components identifi ed production zone and locations within production zone as being the largest sources of variation in grain yields. Variance due to either genotype or genotype × environmental factors remained both constant over the 24-yr time period and small, relative to the environmental variances. Genetic progress for enhanced wheat yield in the region might be limited by the magnitude of these environmental variances and by constraints arising from continuous evolution of pest and pathogen populations.
The Great Plains Region of North America contains one of the world's largest concentrations of common and durum wheat production. Without increased productivity from wheat producers in this region, it is unlikely the ever-increasing food needs of the world's population will be satisfi ed. Recently, trends in genetic improvement for grain yield were evaluated for Great Plains common winter wheats using data from USDA-Agricultural Research Service (ARS) coordinated long-term regional performance trials (Graybosch and Peterson, 2010; USDA, 2011) . Region-wide average grain yields, relative to the long-term check cultivar Kharkof, were used to demonstrate that over a 50 yr period, the genetic potential for grain yield had increased at a rate of approximately 1% yr -1 . However, most of this increase in grain yield potential had been achieved by the late 1980s. Two trials were evaluated: the Southern Regional Performance Nursery (SRPN) and the Northern Regional Performance Nursery (NRPN). In the SRPN, no statistically signifi cant increase in genetic potential for grain yield was observed for the time period 1984 to 2008 whereas in the NRPN, a modest rate of increase of 0.83% yr -1 was observed but the goodness of fi t of the calculated regression equation of relative grain yield to year was low (r 2 = 0.23). One potential drawback of the study of Graybosch and Peterson (2010) was the use of region-wide averages to determine relative grain yields of entries. The two nurseries used in the study cover wide geographic regions. The SRPN contains trials seeded from Texas north to include South Dakota and from Missouri to the eastern slopes of the Rocky Mountains. The NRPN is planted at locations from Kansas north to include Alberta, Canada, and from the Missouri River west to the Intermountain Region. Variances associated with genotype × environment eff ects on grain yield in the region are high, and they increased in the nursery trials steadily over the time period 1959 to 1984 (Peterson et al., 1989) . High genotype × environment variances suggest that wheat breeders have focused more on breeding for specifi c adaptation than for adaptation to broad environments and geographic regions. According to Falconer (1960) , "The existence of genotype-environment interaction may mean that the best genotype in one environment is not the best in another environment." Therefore, the use of regional averages could underestimate genetic progress because such results might obscure the true genetic potential for grain yield of the most highly adapted types in specifi c environments or locations. Graybosch and Peterson (2010) did attempt to address the issue of ill-adapted genotypes depressing some location means by also using data from the most productive entries and the fi ve most productive entries (as determined again by regional averages). Such approaches might still suff er, however, from a lack of focus on specifi c production environments.
Alternative approaches to the use of regional averages would include examination of relative yield trends in specifi c locations, specifi c environments, or under specifi c production practices. In the Great Plains wheat production region, crop failures due to severe yearly weather events are common. Year-to-year and within-year variability in precipitation patterns is great. Therefore, year-to-year variation in grain yield at specifi c geographic locations not only is large but likely great enough to obscure any increases in relative grain yield due to genetic improvement. An alternative method would be to examine rates of genetic improvement within larger-scale homogeneous environments, in which each environment contains multiple testing sites. Using long-term data from the SRPN and NRPN, Peterson (1992) determined that testing sites in both trials could be assigned to one of several agro-ecological zones, designated intraregional production zones or areas of adaptation. Similarity of genotype performance among locations was used to cluster test sites and defi ne six production zones within the SRPN and fi ve such zones within the NRPN. The designated production zones (Peterson, 1992) correspond to recognized ecological adaptation zones for native vegetation in the Great Plains (Vogel et al., 2005) .
The present investigation was undertaken to further examine recent trends in wheat breeding for grain yield in the Great Plains. First, variance components were estimated to determine whether the increase in genotype × environment variances in the nurseries over the time period 1959 to 1984, described by Peterson et al. (1989) , has continued. Such a trend would indicate increased specifi c adaptation of Great Plains winter wheats. Second, trends in breeding line responses to environments were evaluated by examining of the stability of the long-term check Kharkof over time. Regression analysis (Eberhart and Russell, 1966) was used each year in each nursery to determine environmental stability of entries via correlation of genotype location performance to location means (USDA, 2011) . A change in the relative stability parameter (β-value from regression) of Kharkof over the years would indicate changes in the average response of entries to environment (Peterson et al., 1989) . Finally, trends in genetic improvement for grain yield in Great Plains hard winter wheats were reexamined, again using regional performance data but with the focus of the present investigation being on trends within Peterson's (1992) production zones (areas of adaptation).
MATERIALS AND METHODS
All data were obtained from long-term records maintained by the USDA-ARS Grain, Forages and Biofuels Research Unit, Lincoln, NE. Data from the years 1987 to 2010 were used. Raw (fi eld replication within locations) data no longer are available from years before 1987. Summarized annual regional reports of the SRPN and NRPN are available online (USDA, 2011). The SRPN, as of 2011, typically contains 45 to 50 entries, including controls, and is grown in replicated yield trials at 30 locations in Texas, New Mexico, Colorado, Oklahoma, Missouri, Kansas, Nebraska, Iowa, Wyoming, and South Dakota. All but fi ve Therefore, some sites present in both SRPN and NRPN (for example, Pierre, SD) are assigned to diff erent zones in the two trials. Data were converted to relative values by expressing means as a percentage of the mean of Kharkof from the same production zone per year. Additional check varieties included each year in the nurseries were excluded from the analyses because they have changed over time.
Within each production zone, regression analysis was used to evaluate relationships between both average and relative (to Kharkof ) grain yield and calendar year of nursery. Separate regression analyses were performed for each production zone using (i) all experimental lines and (ii) the fi ve most productive entries (5MP). The slopes from regression equations were used to estimate genetic gain as percent (Kharkof ) per year. Slopes with probability levels <0.05 were considered statistically signifi cant.
RESULTS AND DISCUSSION
Average grain yields of the check cultivar Kharkof, all entries, and the 5MP are listed in Table 2 . Grain yields of Kharkof in the SRPN ranged from a low of 1961 kg ha -1 in the Southern High Plains zone to a high of 3770 kg ha -1 in the Intermountain Zone. Two of the sites in the Intermountain Zone, Ft. Collins, CO, and Farmington, NM, are irrigated, contributing to the higher yield of Kharkof in this zone. Kharkof also is better adapted to NRPN production zones. With the exception of the irrigated trials and the Intermountain Zone, average grain yield of Kharkof in the NRPN production zones exceeded that of all remaining SRPN production zones (Table 2 ). In the SRPN, average yields of all entries and 5MP were highest in the irrigated trials and in the Intermountain zone. In the NRPN, highest average yields of Kharkof, all entries, and 5MP all were observed in the Northwest zone.
Variance components (Fig. 1) (SAS Institute, 2008 ) was used to analyze variance contributed by the following main eff ects: production zone, location within production zone, and genotype. Interactions of genotype × production zone and genotype × location within production zone also were included in the model. Variance components (percent of total variance attributed to each main and interaction eff ect) were calculated using PROC VARCOMP (SAS Institute, 2008) , method type 1. Regression coeffi cients (β-values) from the stability analysis of Kharkof in each year of each nursery were obtained (USDA, 2011) and plotted against year of the trial using SigmaPlot version 11.0. SigmaPlot also was used to calculate the regression equation and signifi cance thereof of the relationship of Kharkof β-values to year.
For each production zone (Peterson, 1992) , mean grain yield was determined per year. Production zone per year combinations were excluded from the analysis if fewer than two locations were successfully harvested. In the SRPN, an additional analysis was conducted using the fi ve irrigated sites as a distinct production environment. Locations within each production zone are listed in Table 1 . Locations were assigned to zones (Peterson, 1992) based on principal factor analysis of phenotypic correlations of grain yield of genotypes among locations. Thus, locations were assigned to zones based not on geographic location but on similarities of genotypic adaptation. Hence, the irrigated and dryland trials at Bushland, TX, clustered within diff erent zones even though they were planted at the same geographic location. In addition, the SRPN and NRPN production zones were established via independent trials and analyses with distinct entries. (Fig. 2) . In both the SRPN and NRPN, there was a slight but statistically signifi cant (p < 0.05 in both nurseries) decline in Kharkof 's β-values over the evaluated time period. Before 1995, Kharkof β-values generally ranged from 0.6 to 0.7; in the most recent 5 yr analyzed, values generally were observed to range from 0.4 to 0.7. This continues the trend observed by Peterson et al. (1989) for the time period 1959 to 1984. Peterson et al. (1989) suggested this trend arose due to newer cultivars having greater advantage over Kharkof in "favorable or nonlimiting environments." Evidently, some breeding progress has continued to be made in such environments because the relative slope from the regression of Kharkof mean response to environmental means has continued to decline (Fig. 2) . Any increase, however, in the level of specifi c adaptation of materials from Great Plains wheat breeding programs has been slight. Otherwise, some change would have been observed in the relative magnitude of genotypic variance or one of the genotype × environment interaction terms (Fig. 1) .
Average grain yields of Kharkof, all entries, and 5MP given by year of trial are presented for each production zone in Fig. 3, 4 , 5, and 6. Year-to-year fl uctuations in average grain yield within each production zone were large, again due to year-to-year variation of climate in the Great Plains. In the majority of the SRPN zones, there were no significant correlations between average grain yields of all entries and 5MP with year of trial over the 24-yr period (Table  3) , although average grain yield of all entries and 5MP did signifi cantly increase in the Central Plains and North Central Plains zones. In the NRPN, average grain yields signifi cantly increased over time in the North Central Plains, Northern Plains, Northwest Plains, and the Northwest production zones; in the remaining zone, the regression of grain yield vs. year was signifi cant for all entries and for 5MP at the α = 0.1 level but not the α = 0.05 level.
Grain yield relative to the check cultivar Kharkof signifi cantly increased in only two production zones (Table  4) . Identical results were obtained using either all nursery entries or the 5MP only. The remaining zones of both nurseries demonstrated no signifi cant rate of change at the α = 0.05 level. In some zones, particularly in the NRPN (Table 3) . In each case, however, the goodness of fi t (r 2 ) for the regression equations was low, making it diffi cult for an objective observer to declare a continued positive rate of change. In addition, for all zones in which significant positive slopes were observed for all entries at the 0.10 probability level, 5MP demonstrated nonsignifi cant (p > 0.10) relationships. This observation perhaps suggests that average performance of nursery entries has increased but the diff erence between the highest performers and Kharkof essentially has remained unchanged. The Southern High Plains zone demonstrated the lowest average genotype yield of any SRPN production zone; the Northwest zone had the highest average yield of NRPN Zones (Table 1) . Kharkof, however, is relatively poorly adapted and late in maturity in the Southern High Plains, and the increase in relative grain yield in this region is perhaps related to drought years not allowing this cultivar enough time for proper maturity and grain fi ll. Peterson et al. (1989) zone and irrigated sites of the SRPN and the Northern Plains of the NRPN. In all other zones in which average grain yields of all entries and 5MP increased, average grain yield of Kharkof also increased (Fig. 3, 4 , 5, and 6), and no signifi cant correlations of relative grain yield vs. year were detected (Table 4) . If the change in relative stability of yield of Kharkof demonstrated in Fig. 2 is due to increased genetic potential in favorable environments, it must be due to improved performance in specifi c locations and not over these larger-scale production zones.
The lack of increased genotype × environment interaction observed in both nurseries over time and the lack of a demonstrable increase in relative grain yield in the majority of production zones suggest that breeding programs have not increased specifi c adaptation of wheat in the region. It could be argued that a production zone still represents too broad of an area and relative yield and trends should be examined only at specifi c locations. However, an investigation parallel to the present one was conducted in which regression analysis was used to examine the relationships between relative grain yield and year in 11 specifi c locations of each nursery. No signifi cant changes were observed in any of these locations over the 24 yr time period (data not shown). Breeding for enhanced wheat grain yield in the Great Plains is limited by several aspects of the region. Variance components (Fig. 1) indicate that environmental eff ects are large, dwarfi ng the variances contributed by genetic factors. If only approximately 10% of the yearly observed variances may be attributed to genetic factors (e.g., sum of the variances attributed to genotype and genotype × environment interactions), the opportunities to identify and select superior genotypes for grain yield are limited. Drought typically occurs in at least some portion of the Great Plains region each year. As noted by Ceccarelli (1994) "…yield improvements have been very elusive in marginal environments, to the point that the role of breeding for these environments is often questioned." Indeed, the entire Great Plains region represents a marginal environment. Perhaps, as Ceccarelli (1994) further suggested, "…one might argue whether breeding is in fact the best solution to increase agricultural production in marginal environments. Results obtained with fertilizer applications, or with irrigation are spectacular." Ceccarelli answered this question himself when he further noted, "The conclusions are inescapable; water and nutrient resources are often limited, and economic and environmental problems are likely to restrain their use." In other words, breeding to improve yield under marginal conditions, such as those predominating in the Great Plains, might not be the optimal approach to improving absolute grain yields, but it might be the only approach. In addition, constant and renewed pressure from pathogens (Kolmer et al., 2007; Graybosch and Peterson, 2010) alone justifi es continued breeding work simply to maintain grain yields at current levels. The trends observed in the current investigation confi rm those of a previous study (Graybosch and Peterson, 2010) that suggested relative grain yields in the Great Plains had peaked in the late 1980s and perhaps had reached a plateau. In the present study, little increase in relative grain yield was evident in the majority of the evaluated production zones or in the irrigated trials. The SRPN irrigated sites off er the most hospitable and stable conditions for wheat production in the Great Plains, yet breeders have not been able to realize increases in relative performance of new breeding materials when compared to Kharkof.
An alternative explanation to the absence of genetic improvement could be that environmental constraints in the region prevent wheat cultivars from ever reaching their maximum potential or potential yield (Fischer and Edmeades, 2010) and that the present analysis and yearly nursery reports woefully underestimate the true genetic potential. The highest average yield of any production zone observed in this study occurred in the irrigated trials of 1992, in which the 5MP lines averaged 9065 kg ha . This translates to a relative yield of 218% of Kharkof. Systematic wheat breeding eff orts began in the region in the early 1920s (Reitz and Heyne, 1944) . Cultivars of the late 1950s had relative yields of approximately 100% Kharkof (Peterson et al., 1989) . This maximum observed relative of yield of 212% Kharkof would yield an estimated yearly increase of 2.24% Kharkof yr -1 , nearly twice that of most other reported rates of genetic gain for yield in the region (Feyerherm et al., 1984; Cox et al., 1988; Donmez et al., 2001; Fufa et al., 2005) . However, the argument is perhaps moot. In the Great Plains, wheat rarely is grown under optimal conditions, especially with regards to water availability. The true rate of genetic gain indeed might be routinely underestimated; growers, however, are rarely able to capitalize on this true genetic potential. Average wheat grain yields (Fig. 7) , expressed in kilograms harvested per hectare, of the fi ve major Great Plains winter wheat producing states support this view. In only one state, Nebraska, did the regression of kilograms per hectare on year reveal a signifi cant positive slope over the evaluated time period (data not shown). Should one, therefore, estimate genetic potential for yield under rare (optimal) conditions or under typical conditions, especially as growers rarely experience optimal conditions?
The present study also confi rms previous observations (Graybosch and Peterson, 2010 ) that absolute but not relative grain yields of wheat have been increasing in the NRPN and, in addition, such a trend also was evident in the Central Plains and North Central Zone of the SRPN. Most cases of increased absolute yield over time occurred in zones spanning (North Central Zones) or north of (Northwest Zone, NRPN) the traditional borderline, approximately 43° N, of spring wheat versus winter wheat cultivation, again suggesting climatic factors rather than genetic factors were responsible. Over the past 24 yr, conditions in the region evidently have been more benign, allowing not only all entries in the trial to more closely attain their genetic potential for grain yield but conditioning greater production by the check cultivar Kharkof. As noted previously (Graybosch and Peterson, 2010 ) the increase in absolute grain yield of Kharkof over time could be due to climatic changes in the Great Plains (Easterling, 2002; Feng and Hu, 2004) resulting in increased moisture availability, milder winters with decreased winterkill in winter wheat plantings, and a longer growing season (Easterling, 2002; Feng and Hu, 2004) . Morgan et al. (2008) and Lobell et al. (2011) have noted that recent and forecast climatic changes in the Northern Great Plains will actually enhance plant productivity. It remains doubtful, however, whether environmentally induced increases in wheat grain yields in the region will be suffi cient, in the absence of increases in the rate of genetic improvement, to meet the world's demand for wheat. 
